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A B S T R A C T
The inﬂuence of transformation induced plasticity (TRIP) on materials mechanical behaviours, as well as failure phenomena including crack propagation 
and phase boundary debonding in multiphase steels (e.g. dual phase steels, TRIP steels) are studied by using an advanced crystal plasticity ﬁnite element 
method. We have coupled the crystal plasticity model Ma and Hartmaier (2015), which explicitly considers elastic-plastic deformation of ferrite and 
austenite, austenite-martensite phase, with a cohesive zone model designed for crack propagation, to study the deformations of several representative 
microstructural volume elements (RVE). Results shows that, the transformation induced plasticity enhances materials strength and ductility, hinders 
crack propagation and in-ﬂuences interface debonding. Furthermore, the martensitic transformation kinetics in TRIP steels was found depending on the 
crystallographic orientation and the stress state of a retained austenite grain. The current simulation results helps to investigate and design multiphase 
steels with improved mechanical properties.
1. Introduction
Applications of the steel require them to be both strong and ductile. 
Multiphase steels like dual phase steels and TRIP (Transformation in-
duced plasticity) steels are the front runners of advanced high strength 
steels for automotive applications. The name dual phase steels was 
coined to describe ferrite-martensite microstructure by Rashid [35], but 
dual phase steels usually contains more than two phases unlike implied 
by their name. With high ultimate tensile strength, combined with low 
initial yielding stress [12,11], dual phase steels form an ideal alloy 
system for automotive applications, where a good combination of cold 
formability and strength is required as reported by Tasan et al. [38]. 
These steels presents complex multiphase microstructure, consisting of 
ferritic matrix and a dispersion of multiphase grains of bainite, mar-
tensite and meta-stable retained austenite [3,32]. The increased 
strength and ductility in multiphase steels, such as, dual phase and TRIP 
steels can be credited to the coexistence of softer and harder phases. 
TRIP assisted multiphase steels, presents extra-strain hardening con-
tribution, brought about by the continuous transformation under 
loading of one of the phase (austenite), into a harder phase martensite 
Lebedev and Kosarchuk [22]. The complex microstructure and het-
erogeneity, makes it harder to understand the multiphase steels to 
complete extent and to unlock the full potential of multiphase steels.
Another aspect to the studying of multiphase steels is,
understanding the complex damage and failure behaviour of these 
steels. It is know from previous studies that, DP steels are prone to 
nucleating micro-cracks, because of the presence of martensite in the 
microstructure. From the fundamental viewpoint, outstanding issues 
like relationship between mechanically induced martensitic transfor-
mation, fracture toughness, stress-state dependency and the damage 
mechanism taking place with in the evolving multiphase microstructure 
[34,25,26,14,19,10,28] have not yet been clariﬁed. Owing to these 
complexities, numerous investigations on the eﬀect of retained auste-
nite on fracture toughness and damage mechanism have been carried 
out. The next challenge, in studying damage mechanism in DP steels is, 
the relative activity of martensite cracking versus ferrite-martensite 
interface debonding. Variety of damage mechanism have been reported 
in literature, for example [18,17], showed that the fracture of mar-
tensite particle dominates over interface debonding of ferrite and 
martensite particle. Studies of [9,4,29] have shown that, diﬀerent da-
mage mechanisms of particular dual phase steels are related also to their 
chemical compositions, heat treatment history, and diﬀerences in their 
ﬁnal microstructure. Avramovic-Cingara et al. [2] suggested that the 
major void nucleation mechanism is decohesion at the ferrite/
martensite interface, and these voids grow along ferrite grain bound-
aries. Maire et al. [24] reported that, they observed both martensitic 
fracture and ferrite/martensite decohesion during their in situ tensile 
test. The inﬂuence of martensite volume fraction, ferrite grain size,
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2.1.2. Elasticity
With the help of an elastic stiﬀness tensor of ferrite, fer , we cal-
culate the second Piola-Kirchhoﬀ stress in the intermediate conﬁgura-
tion
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2.1.3. Plasticity
Provided that the initial plastic deformation gradient Fp0 and a
small time increment tΔ are given, inside the large deformation fra-
mework the current plastic deformation gradient amounts to
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where γα̇ and
∼Mα are the shear rate and the slip system Schmid tensor of
slip system α, respectively.
Because, the body centered cubic (BCC) crystal structure has no 
truly close packed planes, it is very diﬃcult to determine the active 
glide systems.It has been observed experimentally that dislocations 
glide on the {1 1 0}  planes. Hence, with respect to the N S = 12 slip 
systems listed in Table 1, we adopt the phenomenological visco-plastic 
type ﬂow law
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with the resolved shear stress
= ∼∼τ S M·α α (5)
where the parameter γ0̇ is the reference shear rate, p1 the reciprocal
value of the strain rate sensitivity.
2.1.4. Hardening
The critical resolved shear stress ̂τα, obeys the following evolution
rule
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where h0 is the initial hardening rate, ̂τs the saturation resistance, p2 the
power and χαβ the cross hardening coeﬃcient matrix.
2.2. Constitutive model for austenite
The crystal plasticity model used for modeling metastable austenitic
and martensitic transformation is an integrated form of the models
proposed by Ma and Hartmaier [23]. A short description of the con-
stitutive formulations for martensitic phase transformation is presented
in this section. For retained austenite grain, the total deformation
gradient can be decomposed into elastic Fe, plastic Ft and transforma-
tion Fp part, through introducing two intermediate conﬁguration, ∼′x
and ∼x , respectively multiplicatively as shown in Eq. (7).
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The plastic deformation is caused by dislocation slip on crystal-
lographic slip systems. The martensite transformation mechanism in-
cludes martensite nucleation and the growth of the martensite nuclei.
As the pre-existing nuclei are crucial to consider the martensitic phase
transformation taking place before yielding, the total evolution of
martensite can be additively decomposed into pre-existing nuclei of
martensite η0, strain induced nucleation ηstrain, stress assisted growth
ηstress as follow
= + +η η η η .0 strain stress (8)
The transformation caused deformation amounts to
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Table 1
Slip systems∼Mα of the BCC crystal structure.
α ∼ ⊗ ∼d nα α α ∼ ⊗ ∼d nα α
1 ⊗[1 1 1] (0 1 1)/ 6 7 ⊗[1 1 1] (0 1 1)/ 6
2 ⊗[1 1 1] (1 0 1)/ 6 8 ⊗[1 1 1] (1 0 1)/ 6
3 ⊗[1 1 1] (1 1 0)/ 6 9 ⊗[1 1 1] (1 1 0)/ 6
4 ⊗[1 1 1] (1 1 1)/ 6 10 ⊗[1 1 1] (0 1 1)/ 6
5 ⊗[1 1 1] (1 0 1)/ 6 11 ⊗[1 1 1] (1 0 1)/ 6
6 ⊗[1 1 1] (1 1 0)/ 6 12 ⊗[1 1 1] (1 1 0)/ 6
martensite morphology on martensite cracking and ferrite martensite 
interface debonding is presented in detail by Tasan et al. [38]. The 
damage processes are dynamic, and thus martensite cracking and fer-
rite-martensite interface debonding incident resemble each other. The 
complexity of diﬀerentiating between them in experiments, increases 
the need for simulations that can shed some light on this process.
On the micro scale, two failure modes have been found to be op-
erational in parallel: cleavage and dimple fracture [32]. Numerous, 
experimental and numerical studies have been performed over the years, 
to explain the damage mechanism in dual phase steels. Studies of 
[15,16,20,5] have reported, diﬀerent types of damage mechanisms from 
their experimental work with the help of SEM and light optical 
microscopy. It has also been reported, on the inﬂuence of stress state on 
the rate of martensitic transformation and the eﬀect of martensitic 
transformation on damage mechanism [34,19,14]. Large number of 
numerical work has also been carried out to support the experimental 
ﬁndings. Various approach has been applied using RVE’s (re-
presentative volume element), within the framework of continuum 
mechanics, to consider the inﬂuence of multiphase microstructure 
[42,43,34,16,6]. The numerical simulation of damage and crack pro-
pagation with the ﬁnite element method is performed using GTN ap-
proach and phenomenological model (cohesive zone method).
In the present work, a crystal plasticity based model has been em-
ployed for modeling mechanical response of materials. The constitutive 
model for TRIP assisted steels, based on the thermodynamic principle of 
Ma and Hartmaier [23] is adopted. This model, uses inverse NW or-
ientation relationship, sets explicit connections between the strain in-
duced martensite nucleation and plastic deformation of austenite, and 
considers stress-assisted growth and strain induced nucleation at the 
same time. The cleavage failure mechanism is described using cohesive 
zone model, the phenomenological model describes fracture as material 
separation due to an achieved critical condition. Main focus of the 
current work is to combine the above mentioned methods to study the 
inﬂuence of phase transformation on global mechanical behaviour of 
material, to study the factors aﬀecting crack propagation speed and 
direction, and to study the eﬀect of austenite to martensite transfor-
mation on the cleavage failure mechanism.
2. Description of the constitutive model
2.1. Constitutive model for ferrite
2.1.1. Kinematics
Following the multiplicative decomposition approach, the de-
formation gradient tensor F can be separated into an elastic deforma-
tion part Fe and a plastic deformation part Fp, as follows
2
Elastic law in the current conﬁguration is given by:
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The stresses in the conﬁguration ∼x for dislocation slip and at the
same time in the conﬁguration ∼′x for phase transformation are
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2.2.2. Plasticity and hardening
The driving force for plastic shear in slip system α
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where the shear rate, γα̇, is assumed to take the same direction as the
resolved shear stress, τα.
A phenomenological power law is assumed for the shear rate γα̇,
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Another phenomenological type strain and martensite lamellar
hardening law is assumed for the present work.
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2.2.3. Strain induced martensite nucleation
By solving the energy minimization control equations, a driving
force for strain induced martensite nucleation
= − −ζ η η[12ΔG( )]I I Istrain 2 3 (17)
and a fault band intersection probability Pİ , which is function of shears
on slip systems of austenite, may help us to formulate the martensite
nucleation rate
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where Cnuc is a ﬁtting parameter, ηI is the volume fraction of trans-
formed martensite at transformation system I. The free energy diﬀer-
ence between austenite and martensite, ΔG, is a function of tempera-
ture and alloy concentration.
2.2.4. Stress assisted martensite growth
The driving force for stress assisted martensitic transformation is
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Considering the sigmoidal proﬁle for the kinetics of martensitic
transformation,the rate of stress assisted growth can be deﬁned as
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where Cgro is the temperature dependent ﬁtting parameter and ηI
0 is the
pre-existing nuclei available for growth.
Once the martensitic transformation is complete, the newly formed 
martensite is treated as an elastic material with the same elastic para-
meters as austenite. The model parameters for elasticity, plasticity and 
phase transformation are given in Tables 4, 2, 3.
2.3. Cohesive zone model
Cleavage fracturing, in the RVE’s are described using the cohesive 
model on a local scale. Cohesive surface, representing damage is cre-
ated between continuum elements. The cohesive surface open when 
damage occurs and lose their stiﬀness at failure, causing the continuum 
elements to become disconnected. For this reason, the crack can only 
propagate along the element boundaries and the possible crack path 
must be deﬁned during the mesh generation procedure. In this work, it is 
assumed that, the separation process is dominated by normal frac-
turing, and the cohesive surface are therefore created in the overall 
middle plane of the RVE model shown in Fig. 2. The damage process is 
controlled by a traction-separation law (TSL), simulating the deforma-
tion and ﬁnally the decohesion of a material in the immediate vicinity of 
the crack tip. The constitutive response of the cohesive zone method is 
deﬁned directly in terms of traction versus separation behaviour. The 
traction – separation model assumes, initially linear elastic behaviour, 
followed by initiation and evolution of damage. In the present work, a 
bi-linear traction separation behaviour, as shown in Fig. 1 is used. The 
cohesive zone model has been implemented in Abaqus [1] in terms of 
cohesive elements and also cohesive surfaces. Each failure mechanism 
consists of two ingredients: a damage initiation criterion and a damage 
evolution law upon reaching a completely damaged state. The process of 
degradation begins when the stresses satisfy certain damage initia-tion 
criteria that we specify. Maximum stress criterion is been used in the 
present work. The damage is assumed to initiate when the max-imum 
nominal stress ratio reaches a value of one. This criterion can be 
represented as:
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Table 2
Model parameters for plasticity.
Parameter Notation Ferrite Austenite
Reference shear rate γ0̇ ( −s 1) 0.001 0.001
Reciprocal of strain rate sensitivity p1 45.5 200
Initial critical resolved shear stress ̂τ0 (MPa) 40 150
Initial strain hardening rate h0 (MPa) 500 345
Saturated critical resolved shear stress ̂τs (MPa) 117 480
Strain hardening power p2 5 2.25
Co-planar hardening coeﬃcient χαβ 1 1
Other hardening coeﬃcient χαβ 1.4 1.4
Table 3
Model parameters for retained austenite with TRIP.
Parameters Notation Value
Coeﬃcient of martensite nucleation Cnuc 0.0028
Coeﬃcient of martensite growth Cgro 0.007
Bulk energy diﬀerence GΔ (MPa) −150
Table 4
Model parameter for elasticity.
Parameter Ferrite Austenite Martensite
c11 (GPa) 231.4 242.0 242.0
c12 (GPa) 134.7 146.5 146.5
c44 (GPa) 116.4 112.0 112.0
where NT is the number of transformation systems. N∼I is the eigen 
deformation tensor of the inverse NW relation.
2.2.1. Elasticity
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• FM-DP: ferrite matrix with martensite inclusion.
• FA-DP: ferrite matrix with austenite.
• TRIP: ferrite matrix with meta-stable austenite inclusion with phase
transformation (TRIP).
2.4.2. Boundary conditions
Initially stress free RVE’s are subjected uniaxial tensile loading, as 
shown in Fig. 2. Uniaxial tensile load, in terms of normal displacement
is applied along Y direction. The normal (X) displacements on right and
left face of the RVE are set to zero, all the degrees of freedom along Z
directions are set free (unconstrained).
A user material subroutine UMAT is developed in the framework of
Fig. 1. Bi-Linear traction – separation model.
t 0, tn s0 and tt0 represent the peak values of the nominal stress when the 
deformation is either purely normal to the interface or purely in the ﬁrst
or the second shear direction, respectively.
2.4. Representative volume element
2.4.1. Geometry
The RVE’s used for simulation consists of 10 mm  10 mm× × 0.1 mm 
cube, containing circular Inclusion and ferrite matrix, volume of the 
inclusion is around 10%. To investigate the inﬂuence of TRIP on clea-
vage failure mechanism and the eﬀect of stress state on transformation 
induced plasticity, a matrix-inclusion type plane strain quasi 2D (one 
element in Z direction) RVE is used. The complete simulation zone for 
matrix-inclusion is discretized into 10000 C3D8R elements.
For studying the cleavage mechanism, a cohesive surface model with 
pre-deﬁned crack path is used. Separate cohesive surfaces are used to 
model ferrite-ferrite and austenite-ferrite, and martensite-martensite 
interfaces, as shown in Fig. 2 (Red lines highlighted in the ﬁgure shows 
the cohesive surface). The CZ parameter listed in Table 5 are taken from 
literature Uthaisangsuk et al. [42]. A small notch is created on the left 
side of the RVE on the crack path, so that crack always initiates from 
here and move towards inclusion.
The orientation of retained austenite inclusion, ferrite matrix, 
martensite inclusion are given in terms of Bunge Euler angles, as shown 
in Table 6. The Euler angles are deﬁned with respect to the global basis.
Three diﬀerent representative microstructural volume elements 
(RVE), representing three diﬀerent microstructures are created, the 
main diﬀerence between each RVE is, the material in the inclusion. In 
the modeling part, we have given description of model used for retained 
austenite with transformation [TRIP RVE], same model is used for 
martensite [FM-DP-RVE] and retained austenite without transformation 
[FA-DP-RVE], by changing the amount of martensitic transformation. 
For retained austenite without transformation [FA-DP-RVE], marten-
sitic transformation is set to zero, at all the time of calculation, this can 
be done by neglecting the Ft part of deformation gradient. Similarly, for 
FM-DP-RVE with martensite inclusion, initial martensitic volume frac-
tion is set to 1, i.e., 100% martensite and is maintained throughout the 
simulation. For TRIP-RVE, initial martensitic volume fraction is set to 
0.02 and allowed to grow during the simulation.
Fig. 2. Matrix-inclusion type ﬁnite element model with boundary conditions.
The circular inclusion, in the middle of the matrix (White coloured) is auste-
nite/martensite. The green part of matrix is Ferrite. The predeﬁned cohesive
surfaces are highlighted. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
Table 5
Parameters for cohesive zone model.
Parameter Notation Value
Initial stiﬀness of ferrite Keff (MPa/mm) 210,000
Initial stiﬀness of martensite Keff (MPa/mm) 210,000
Initial stiﬀness of austenite Keff (MPa/mm) 210,000
maximal traction of ferrite Tult (MPa) 1500
maximal traction of martensite Tult (MPa) 1200
maximal traction of austenite Tult (MPa) 1200
cohesive energy of ferrite Gc (J/mm2) 495
cohesive energy of austenite Gc (J/mm2) 100
cohesive energy of martensite Gc (J/mm2) 100
Table 6
Orientation of austenite/martensite inclusion and ferrite matrix for diﬀerent
RVE’s in terms of euler angles. The euler angles are deﬁned with respect to
global basis (x,y,z).
RVE Matrix orientation
(Bunge euler
angles)
Inclusion orientation
(Bunge euler angles)
miller indices for
inclusion (parallel
to Y direction)
FA-DP-RVE (0, 0, 0) (0, 0, 0) [1 0 0]
FM-DP-RVE (0, 0, 0) (0, 0, 0) [1 0 0]
TRIP-RVE
(1 0 0)
(0, 0, 0) (0, 0, 0) [1 0 0]
TRIP-RVE
(1 1 0)
(0, 0, 0) (0, 45, 0) [1 1 0]
TRIP-RVE
(1 1 1)
(0, 0, 0) (45, 35.23, 0) [1 1 1]
TRIP-RVE
(1 2 3)
(0, 0, 0) (15.5, 56.3, 0) [1 2 3]
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commercial ABAQUS software, which allows us to update the stress and
state dependent variables (SDVs) at the end of each time increment. The
constitutive formulation of UMAT should be such that it must return
stress σ and stiﬀness ∊
dσ
d
, for the global non-linear solution.
3. Results and discussion
3.1. Strength and ductility
FE calculations of the uniaxial tensile tests are performed for three 
diﬀerent RVE’s (FM-DP, FA-DP, TRIP). From these calculations, the 
global stress-strain curves, local stress, strain and damage are de-
termined. The determined ﬂow behaviour in terms of nominal stress-
strain curves is shown in Fig. 3 for diﬀerent RVE’s. FM-DP RVE achieves 
high stress values at initial stages of deformation itself, when compared 
to other two RVEs. The higher stress values in FM-DP RVE’s is due to the 
presence of the martensite in RVE. TRIP RVE’s exhibits low stress values 
initially i.e., before the transformation of austenite to martensite, but 
once the transformation starts, the stress value starts increasing gra-
dually. For FA-DP-RVE, the stress values is low and continues to be 
almost same until the softening begins. The stress strain curves FM-DP, 
FA-DP RVEs forms an upper bound and lower bound for the stress strain 
curve of TRIP-RVE respectively. Stress and strain levels in TRIP-RVE is 
same as FA-DP-RVE at the initial stages of deformation, whereas at the 
ﬁnal stages of deformation, TRIP-RVE it is identical as FM-DP-RVE. In 
TRIP RVE, the transformation of retained austenite to martensite brings 
remarkable hardening at high strain levels. Transformation induced 
plasticity (TRIP) eﬀect improves both the strength and ductility, this ﬁts 
well with experimental results [12,19,41,27,31,21,30,36].
At high strain levels, softening behaviour becomes more evident in 
all three RVEs. Softening behaviour starts dominating in FM-DP-RVE at 
very low strain level, as the stress starts dropping gradually in FM-DP-
RVE. Martensite inclusion in FM-DP-RVE takes more load from the onset 
of the deformation and hence the stress levels are very high inside the 
martensite inclusion, this high stress state is suﬃcient for the da-mage 
initiation inside the martensite inclusion. In TRIP RVE, since the stress 
value is less from the initial stages of deformation, it is only after the 
transformation of austenite to martensite, stress starts increasing and Tult 
is reached, hence softening starts later than FM-DP-RVE. For FA-DP-
RVE, the softening behaviour starts later than both FM-DP-RVE and 
TRIP RVE, this could be attributed to the ductile behaviour of the 
austenite inclusion and its greater compatibility with ferrite matrix. The 
inclusion with higher local stress state failed earlier [i.e., Tult is reached 
at low strains] when compared to the inclusions with less stress levels.
Fig. 3. Uniaxial tensile, global nominal stress-strain curve for all three RVE’s.
The orientation for both ferrite matrix and retained austenite/martensite in-
clusion is (0, 0, 0).
Fig. 4. Nominal stress-strain curves for TRIP-RVE with diﬀerent retained aus-
tenite inclusion orientations, orientation of ferrite matrix is kept constant.
As shown in Fig. 3, ultimate stress Tult required for damage initiation is 
reached earlier in FM-DP RVE, followed by TRIP RVE and later in FA-
DP-RVE.
3.1.1. Eﬀect of retained austenite inclusion orientation on eﬀective strength 
and Ductility
In this section, eﬀect of retained austenite inclusion orientation on 
martensitic transformation is presented, the set-up for the simulation is 
same as mentioned in the previous section. Uniaxial tensile test is 
performed on TRIP RVE, the major change being the orientation of the 
retained austenite inclusion. The orientation of the ferrite matrix re-
mains same as before i.e., [1 0 0] for all the simulation, but the or-
ientation of retained austenite inclusion is varied. In the present study, 
we consider four diﬀerent orientations [1 0 0],  [1 1 1],  [1 1 0],  [1 2 3]
(orientations in terms of euler angles are mentioned in Table 6).
It is well known that crystal orientation aﬀects mechanical beha-
viour of materials Gupta et al. [7], as shown in Fig. 4, our simulation 
results reﬂects the inﬂuence of orientation on mechanical response. It 
can be noted that the RVE with RA (retained austenite) inclusion or-
ientation [1 1 0]  reaches very high stress levels at the early stages of 
deformation, also there is not much of hardening before the softening 
behaviour dominates. Further, the eﬀective strength of RVE’s with 
[1 1 1],  [1 2 3]  oriented RA inclusion is higher than [1 0 0], this strong 
behaviour is because of the orientations of RA inclusion. The low ef-
fective strength of [1 0 0]  is due to the capability of austenite grain to 
accommodate the externally imposed deformation without signiﬁcant 
increase in stress. The [1 0 0]  oriented austenite grain subjected to 
homogeneous uniaxial loading conditions, exhibits a low and constant 
stress values during the initial stages of martensitic transformation. But, 
once the transformation approaches completion, the stress value starts 
increasing. The increase in stress can be attributed to the presence of 
martensite in the grain, similar kind of behaviour has been reported in 
[40,39].
3.1.2. Martensitic transformation and orientation dependence
Fig. 5(a) shows the average amount of martensitic transformation in 
diﬀerently oriented RA inclusions. [1 0 0]  orientation favours the mar-
tensitic transformation more, followed by [1 2 3],  [1 1 1],  [1 1 0] 
respec-tively. It is also interesting to see the rate at which martensite 
trans-formation happens in [1 0 0]  and [1 2 3]. In [1 0 0]  RVE, the rate 
of transformation is very high, but for [1 2 3]  orientation, the 
martensitic transformation rate is considerable lower. Martensitic 
transformation starts earlier in [1 0 0]  orientation, than in [1 2 3] 
orientation, this is because, for [1 2 3]  orientation, the eﬀective stress 
required for mar-tensitic transformation is high.
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The martensitic transformation inside the [1 0 0]  oriented RA 
in-clusion is more uniformly distributed. But, for [1 2 3]  orientation, 
mar-tensitic transformation inside the inclusion is more accumulated 
around the crack, this can be attributed to high stress state in front 
of crack, which acts as a driving force for transformation. For [1 2 3] 
orientation, martensitic transformation increases once the crack 
reaches the inclu-sion, i.e., there is huge amount of martensitic 
transformation in front of crack and the martensite transformation is 
more accumulated around the crack path, as we can see from Fig. 7. 
This trend continues for both [1 1 1],  [1 1 0]  orientations, even 
though the amount of martensitic transformation is lesser compared 
to [1 2 3]. From this, we can say that the high stress state in front of 
the crack, promotes the martensitic transformation.
To study the eﬀect of loading rate on martensitic transformation, 
calculations are performed at two diﬀerent loading rates (0.0225 s−1 
and 0.004 s−1). As we can see from Fig. 5(b), martensitic transforma-
tion starts early at high loading rate and the rate of transformation is 
also high, this is because of high stress state, at high loading rate. Im-
portant thing to be observed here is the amount of martensitic trans-
formation, at high loading rate amount of martensitic transformation is 
less compared to low loading rate. It appears that, martensitic trans-
formation is exhausted during the later stages of deformation. As we can 
see from Fig. 6(a), at low loading rate, martensitic transformation is 
more uniformly distributed throughout the inclusion. At high loading 
rate martensitic transformation is accumulated close to the center of the 
inclusion.
3.2. Eﬀect of transformation induced plasticity on crack propagation
Crack length is a Parameter that is helpful for comparing fracture 
toughness of diﬀerent materials. As shown in Fig. 8(a), diﬀerent RVE’s 
have diﬀerent crack length i.e., FM-DP RVE shows larger crack length, 
followed by TRIP and is least in FA-DP RVE. The cracks in all three RVEs 
move almost at the same speed till the crack tip reaches the in-clusion. 
But, inside the inclusion, the rate of crack growth varies, de-pending on 
the material properties of the inclusion. Crack moves rather quickly in 
martensite inclusion than in austenite inclusion. The crack propagation 
is considerably smoother in TRIP inclusion, as compared with austenite 
inclusion, because of the formation of martensite. As seen from the plot 
of crack length evolution (Fig. 8(a)), curves of FM-DP-RVE and FA-DP-
RVE form the upper bound and the lower bound for that of TRIP-RVE.
It is clear from the results that, the crack propagates easily in 
martensite than in austenite inclusion. This fact is noted previously in 
many literatures [43,33,42]. In TRIP-RVE, because of the additional 
strain hardening, caused by newly formed martensite, crack propaga-
tion is hindered till the transformation is complete. However, once the 
transformation is complete, the rate of crack growth increases inside the 
inclusion, because of material property of newly formed martensite. This 
ﬁts well to experiments and simulations reported by [37,26], that crack 
propagation is easier in martensite.
3.2.1. Orientation dependence of crack propagation
From the Fig. 8(b), it is clear that the crack length is higher in the
Fig. 5. Average Martensitic volume fraction inside the TRIP-RVE inclusion, is plotted with strain. In (a) orientation of retained austenite inclusion is varied, but
ferrite matrix orientation is kept constant. In (b) loading rate, but the matrix and inclusion orientations are kept constant.
Fig. 6. Martensitic volume fraction inside the TRIP-RVE inclusion, at two diﬀerent loading rates. Orientation for retained austenite inclusion is (0, 0, 0). Blue cells in
the inclusion shows the untransformed retained austenite. SDV represents the amount of martensitic transformation in the scale of 0 (untransformed) – 1 (completely
transformed). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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[1 1 0]  oriented inclusions, followed by [1 1 1],  [1 2 3],  [1 0 0]. This be-
haviour can be explained with the help of the amount of martensitic 
transformation and the stress state inside the inclusion. The crack 
propagation is easier in the [1 1 0],  [1 1 1]  oriented retained 
austenite inclusions, because of the initial higher stress levels (as shown 
in Fig. 4) and the amount of martensitic volume fraction. These 
two factors combined together make it easy for crack 
propagation. For [1 0 0],  [1 2 3]  oriented inclusions, the stress values 
inside the inclusion is low when compared with other two 
orientations, also the amount of martensitic transformation is high, 
hence, making it least favourable for crack propagation. This further 
supports the argument that transfor-mation of austenite to martensite 
hinders crack propagation.
The study on crack length is performed for both loading rates
(0.0225 s−1 and 0.004 s−1). But, results presented above are only for
loading rate 0.004 s−1, because there is not much diﬀerence in the
overall behaviour or in the order of crack length (FM-DP-RVE still has
highest crack length) at loading rate 0.0225−1. At high loading rate,
only the absolute values of crack lengths will increase linearly for all
RVE’s, including diﬀerent RA orientations.
3.3. Crack path
In this section, results for relative activity of inclusion cracking and
interface debonding is presented. In order to study the factors inﬂu-
encing crack path, uniaxial tensile tests were performed at two diﬀerent
loading rates (i.e. higher (0.0225 s−1) and lower (0.004 s−1) loading
rate) and six diﬀerent cohesive strength ratios. For convenience the
interfacial strength (relative interfacial strength) is represented by
Fig. 7. Martensitic volume fraction inside the TRIP-RVE inclusion, for diﬀerent retained austenite inclusion orientation at t= 100 (0.004 s−1 loading rate). Blue cells
in the inclusion shows the untransformed retained austenite. SDV represents the amount of martensitic transformation in the scale of 0 (untransformed) – 1
(completely transformed).
Fig. 8. Crack length – normalized time steps for diﬀerent RVE’s (loading rate of 0.004 s−1).
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evident from the value of crack length, as shown in Fig. 8(a).
For TRIP-RVE, the critical cohesive strength ratio at high loading rate 
is 0.5 and at low loading rate it is 0.8. From Fig. 12(a), we can see that, at 
high loading rate crack prefers going into the inclusion and at low 
loading rate, interface debonding dominates. This can be explained based 
on the stress state inside the inclusion, strain incompatibility at the 
interface and martensitic transformation inside the inclusion. The 
behaviour of inclusion with TRIP is similar to that of the martensite at 
lower loading rate, but at higher loading rate, the critical cohesive 
strength ratio is lesser than martensite inclusion. At higher loading rate, 
the stress state inside the inclusion is higher compared to low loading 
rate, also, the time for energy distribution into weaker paths is very less, 
this makes the crack to continue in the same direction as before. Also, at 
high loading rate, the martensitic transformation rate in the inclusion is 
very fast (as shown in Fig. 5(b)) and the transformation appears to be 
exhausted very quickly, leaving some amount of retained austenite near 
to interface untransformed (as we can see from Fig. 6(b)). With much 
softer retained austenite at the interface, there is not much strain in-
compatibility at the interface, hence creating a favourable condition for 
crack to move into inclusion. But, after certain strength ratio (critical 
interface strength), the interface will be very weak and the condition for 
damage initiation is easily satisﬁed as the cohesive strength of in-terface 
is very low, promoting interface debonding. On contrary, at low loading 
rate, the transformation of austenite to martensite is more uniform and 
complete, this means that, even the retained austenite close to interface 
also transforms Fig. 6(a). This creates favourable condition for interface 
debonding, as there is strain incompatibility, similar to martensite 
inclusion.
From the above results, it is clear that the material property of the 
inclusion plays an important role in deciding the crack path, along with 
cohesive strength ratio, applied loading rate, phase transformation of 
retained austenite to martensite. As we can see from Fig. 7, orientation of 
the retained austenite inclusion is an important factor that can aﬀect 
phase transformation, hence the stress and strain state inside the in-
clusion. Therefore, orientation of the retained austenite is also con-
sidered for studying the crack path. In the section below, results for, 
inﬂuence of retained austenite inclusion orientations are presented.
3.3.1. Crack path and orientation dependence
Simulations for determining the eﬀect of retained austenite or-
ientation, on the relative activity of inclusion cracking and interface 
debonding are performed using same boundary condition and RVE’s as 
discussed in previous section, except that the orientation of the retained 
austenite is varied for diﬀerent cases.
As seen from Figs. 12 and 13, orientation dependence of the crack 
path is clearly evident. For [1 1 1],  [1 1 0]  orientations, the crack 
path behaviour is similar to that of FA-DP-RVE i.e., inclusion cracking is 
the favourable mechanism. This is because of lack of martensitic 
transfor-mation in these orientations, leaving behind large amount of 
austenite Fig. 7(a) and (b). As mention in previous section, with 
austenite in-clusion, there is no strain incompatibility at the interface. 
Apart from this, because of the orientation of the inclusions, stress 
inside the
Fig. 9. Schematic representation of inclusion cracking and interface debonding in TRIP RVE with retained austenite inclusion orientation (0, 0, 0), at loading rate
0.004 s−1.
dimensionless ratio of interfacial cohesive strength to that of inclusion 
cohesive strength. Gint inc/ ,G Ginc – inclusion cohesive strength, Gint –
interface cohesive strength.
With the above mentioned loading rates and cohesive strength ra-
tios, a total of 12 cases were studied, for each RVE’s. As shown in Figs. 
10, 12, 13, both loading rate and cohesive strength ratios inﬂu-ence 
crack prorogation direction strongly.
The relative activity of inclusion cracking and interface debonding 
has been the topic of study for many years. Various numerical models 
have been used to predict this activity. The results presented below is 
similar to the behaviour reported by He and Hutchinson [8] in their 
analytical study on inclusion under static loading condition. The crack 
deﬂection or penetration behaviour, as shown in Fig. 10 can be ex-
plained as follows. A matrix crack in a homogeneous material should 
propagate along its self similar direction. However, introduction of an 
interface as a weaker strength direction results in energy distribution, 
leading the crack to deﬂect and propagate along the interface. If the 
interface strength is weaker, it is easier for satisfying the damage cri-
terion and hence crack must propagate along the interface. But, when 
the interface strength is very high, the crack has to propagate inside the 
inclusion, because the interface cannot be fractured.
There exists a critical cohesive strength ratio for each loading rate, 
that decides whether crack penetrates into inclusion or deﬂects into the 
interface. Here, the deﬂection mechanism means, the crack propagates 
from the ferrite matrix towards the inclusion and chooses the matrix-
inclusion interface as a new prorogation direction, as shown in Fig. 9(b). 
The penetration mechanism means, the crack propagates from the ferrite 
matrix towards the inclusion and runs into the inclusion taking a self 
similar direction, as shown in Fig. 9(a).
For FM-DP-RVE, it is clear from Fig. 10(b) that there is a critical 
cohesive strength ratio, which distinguishes between intergranular and 
transgranular mode of failure. The critical cohesive strength ratio at 
high loading rate is 0.7 and at low loading rate it is 0.8. For FM-DP-RVE, 
the interface debonding is dominating mechanism irrespective of the 
loading rate. This is because of the presence of martensite inclusion. 
With martensite inclusion, the diﬀerence in the hardness between 
martensite and ferrite is high, this causes strain incompatibility be-
tween ferrite matrix and martensite inclusion, this is a well known fact 
from experimental results Pardoen [34]. The diﬀerence in the strain 
levels between the ferrite matrix and martensite inclusion is clearly 
evident from Fig. 11, this induces rapid debonding along the interface. 
For FM-DP-RVE, when the loading rate increases from 0.004 s−1 to 
0.0225 s−1, the critical cohesive energy ratio drops from 0.85 to 0.75, it 
is clear from the results that the cohesive strength ratio depends on the 
loading rate.
For FA-DP-RVE, the critical cohesive strength ratio is 0.5 at both the 
loading rate as shown in Fig. 10(a). This clearly indicates that, with 
austenite inclusion, inclusion cracking is the favourable mechanism. 
This is because of strain compatibility at the interface between ferrite 
matrix and austenite inclusion. Even though, crack favours entering 
austenite inclusion, it is not easy for crack propagation inside the aus-
tenite inclusion, because of ductile nature of austenite. This is clearly
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inclusion is also high, which is favourable for crack propagation inside 
the inclusion. The crack chooses interface only when the value of in-
terface strength is very low (i.e., at low ratio), this trend is common for 
both the loading rates considered in the study. The only diﬀerence 
between these two orientations and FA-DP-RVE is the crack length, as 
we can see from Fig. 8, the crack propagation is easier in TRIP RVE’s 
with [1 1 1],  [1 1 0]  orientations than in FA-DP-RVE.
For TRIP RVE with retained austenite inclusion orientation [1 2 3]
Fig. 13(b), the critical cohesive strength ratio at high loading rate is 0.6 
and at low loading rate it is 0.7. The behaviour is similar to that of 
[1 0 0]  orientation. The crack favours inclusion cracking rather than 
interface debonding at high loading rates, but at low loading rate both 
inclusion cracking and interface debonding are equally favourable. The 
main diﬀerence between [1 2 3]  and [1 0 0]  orientations is the crack 
length, for RA inclusion with [1 2 3]  orientation, crack propagation is 
easier Fig. 8(b).
Fig. 10. Inﬂuence of loading rate and cohesive strength ratio on crack path (Shaded circle represents the inclusion cracking and hollow circle represents the interface
debonding).
Fig. 11. Stress and strain state in front of crack, before interface debonding for FM-DP-RVE at t= 60.
Fig. 12. Inﬂuence of loading rate and cohesive strength ratio on crack path (Shaded circle represents the inclusion cracking and hollow circle represents the interface
debonding).
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4. Conclusion
In the present work, an advanced crystal plasticity and phase
transformation model has been employed to study crack propagation, in
several speciﬁcally designed RVEs. The constitutive model, used here
considered many important physical mechanisms such as relation be-
tween the strain induced martensite nucleation and plastic deformation
of meta-stable austenite, and also considers stress assisted growth and
strain induced nucleation at the same time. Cracks inside aforemen-
tioned RVEs were simulated by a phenomenological cohesive zone
model. Diﬀerent RVE’s are created with ferrite matrix and retained
austenite inclusion.
From the numerical simulation, the following conclusions are
drawn:
• Transformation induced plasticity improves strength and ductility of
multiphase steels eﬃciently. The martensite phase transformation is
found to have signiﬁcant eﬀect on the crack propagation, the
transformation induced plasticity hinders crack propagation.
• The crack penetration or deﬂection around the retained austenite or
martensite inclusion, depends on various factors like cohesive
strength, loading rate and orientation of retained austenite inclu-
sion. Interface debonding is the favourable mechanism for ferrite
matrix with martensite inclusion. For ferrite matrix with austenite
inclusion without transformation, inclusion cracking is the favour-
able mechanism.
• Orientation of retained austenite inclusion aﬀects the amount of
martensitic transformation and stress state inside the inclusion, i.e.,
among the investigated orientations, [1 0 0] and [1 1 0] are the most
favourable and most unfavourable orientations for martensitic
transformation.
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